This paper presents a novel electrically isolated measuring system for evaluating signal attenuation on the human body and designing a stable MHz-band human-area network system that uses the surface of the human body as a data transmission path. We developed an electrically isolated probe consisting of an electrical-to-optical (E/O) converter and an optical-to-electrical (O/E) converter because there was a requirement for a tool to measure signal loss that did not affect our communication system. We modeled the communication path consisting of a transmitter, a receiver, and the human body. And we measured signal intensity to ensure an effect of the probe. As a result, the measurement system using an E/O and O/E conversion probe is effective to achieve a stable communication system.
INTRODUCTION
As concerns over safety, security, and health are growing in our aging society, wireless body area networks around the human body represent a promising technology for new applications in areas like secure systems, ITS, medical information systems, and payment systems. Body-channel communication (BCC) technologies have recently been actively reported [1] - [4] . However, these communication technologies are only composed of transceivers on the human body (wearable TRXs). We propose a human-area networking technology that consists of both wearable TRXs and TRXs embedded in environments or in equipment (embedded TRXs) to broaden the areas in which BCC can be applied [5] - [7] . The technology uses the human body as a communication path based on a near-field coupling mechanism using MHz-band. Figure 1 shows typical applications of near-field coupling communication (NFCC) . A user with a wearable TRX can communicate, recognize, and operate a smartphone with a TRX module embedded in it by holding it, and it locks when he/she loses his/her grip on it. When a user with a wearable TRX passes a ticket wicket, he/she can connect to an IP network and complete the payment process simply by using the electrodes of the embedded TRX installed on the ground of the ticket wicket, so he/she can easily pass through even when both his/her hands are occupied.
It is important to assess loss in the path from the transmitter to the receiver and model the communication path to achieve stable communications. We have already reported that a received power is overestimated when we directly measure the received signal of wearable TRXs with a conventional electric probe [8] . So, we present the measurements of signal attenuation using an electricalto-optical (E/O) and optical-to-electrical (O/E) conversion probe and demonstrate that they do not affect the communication system under test in this paper. 
COMMUNICATION PATH MODEL
The communication circuit model for the NFCC system is shown in Figure 2 . The embedded TRX induces a modulated quasielectrostatic field signal on the human body, and communication occurs when the wearable TRX detects the signal from the embedded TRX. The signal loop consists of two types of paths. The first is a forward path and the second is a return path. The forward path is a route from the upper electrode of the embedded TRX to the electrode of the wearable TRX on the body side (signal electrode) through the human body. The return path is also a route from the electrode of the wearable TRX on the side opposite the body (ground electrode) to the lower electrode through earth grounding. We regard the human body as a conductor in the 6.75 MHz frequency range used for communication. However, there are variable coupling capacitances occurred from clothes or shoes. Path loss depends on these capacitances. Therefore it is difficult to define path loss clearly by using a distributed constant or by analyzing the electromagnetic field. We need a tool to precisely measure the signal intensity on the communication path and to design stable communication network. 
MEASUREMENTS OF SIGNAL INTENSITY 3.1 E/O and O/E Probe
We designed and built a probe to accurately measure the received signal of a wearable TRX consisting of an E/O converter and an O/E converter. Figure 3 has a block diagram of the probe. First, this probe converted the electrical signal to an optical signal and transmitted it to a measuring instrument in a transmission optical fiber. Next, it converted the optical signal to an electrical signal again. There is a photograph of the circuit E/O in Figure 4 (a). It receives the signal instead of the wearable TRX. It has two acrylic plates with electrodes, the driver for the laser diode (LD) module, and an amplifier circuit in it. The electrodes are parallel plates, and have same size as those of the wearable TRX. There is also a photograph of the circuit O/E in Figure 4 (b). An amplifier on the circuit amplifies the received signal with a photodiode. The signals between the two devices propagate in the optical fiber. In addition, the circuit E/O is driven by a battery, and the circuit O/E is driven by a DC source. The circuit gain of the E/O and O/E probe is 26.0 dB at 6.75 MHz. 
Effect of Conventional Measurement System
The equivalent circuit on which we directly measured an electrical signal with the measuring instrument is shown in Figure 5 . It adds coupling capacitance between the wearable TRX and earth grounding when the ground electrode of the TRX is connected to the housing of the measuring instrument. The height of the measuring instrument varies capacitance. Signals were strengthened when capacitance enhances the return path. We incorrectly measured the signal intensity due to the above. We used the following measuring system to actually confirm this effect. We measured signal voltages that the probe received when the ground electrode was directly connected to the measuring instrument and when it was not connected. The experimental system is outlined in Figure 6 . We chose a spectrum analyzer as the measuring instrument, which was a battery-powered instrument that was independent of the earth grounding. We used two copper plates that were 350 mm square as electrodes for the embedded TRX. The distance between the plates was 10 mm. We entered a sine wave of 6.75 MHz by using a signal generator. We placed a phantom with the same electrical properties as the human body whose conductivity was 0.59 S/m on a rubber plate against the upper electrode. The phantom was a rectangular solid filled with a gel material that absorbed water. It was 190 mm wide and long, and 950 mm high. The reason we used the phantom was to ensure the experiments could be reproduced. The ground electrode of the E/O probe was connected to the spectrum analyzer with a lead line that was 1 m long and it was placed against the top of the phantom. We have plotted the ratio between applied and received voltages, and changes due to the height of the spectrum analyzer in Figure 7 . There was about an 8.6 times difference when the spectrum analyzer was 500 mm high. The closer the spectrum analyzer was to the earth grounding, the larger the received signals were. In contrast, the measured values using the E/O and O/E probe were constant. These results revealed that the probe solved the problem that measuring signals with a conventional electric probe overestimated the signal intensity. As a result, we correctly measured received signals and built a reproducible measurement system with an E/O and O/E probe.
EXPERIMENTS AND RESULTS
We measured the signal attenuation caused between the transmitter and receiver, which mimicked two patterns in practical use. The first was assessed in an experiment on the received signal of wearable TRXs in the vicinity of the human body. This experiment replicated a user wearing TRXs in his/her chest pocket or pants pockets, or wearing them in a holder from the neck down. Figure 8 is a schematic of the experimental system. The signal was transmitted to the embedded electrodes from a signal generator through a transformer by a connection with coaxial cables. We measured the voltage of the embedded electrodes by connecting an oscilloscope in parallel with them. The oscilloscope had an output impedance of 1 MΩ. The transformer was used to recreate the structure of the practical embedded TRX. The optical fiber extending from the E/O probe was connected to the O/E converter with 5-V supply voltage, and we measured the voltage with the oscilloscope that had an output impedance of 50 Ω by using a coaxial cable with a SubMiniature version A (SMA) connecter.
We measured the received voltage of E/O probe and the voltage between embedded electrodes, and calculated the path loss. There were polystyrene boards with a thickness of about 2 cm (attenuator) between E/O probe and the phantom. Polystyrene boards had same electrical characteristics as air. Figure 9 shows the path loss between the embedded electrode and the E/O probe. The path loss increases as the distance between the phantom and the E/O probe increases. We can use this relationship to design human area network with necessary noise margin corresponding to various use case. The second pattern is associated with interference between the user's TRX and other user's TRX. Figure 10 is a schematic of the experimental system where the phantom, embedded electrodes and probes are the same as those we used previously. We measured the received voltage of the surrounding phantom to assess the signal intensity around the phantom by using the E/O probe attached to a pole that was made of PVC pipe and was on wooden rails. In addition, the probe was always kept vertical to the ground. We also measured the difference in the potential of the embedded electrodes and drew a graph indicating vertical and horizontal attenuation depends on the distance from the phantom ( Figure 11) . As a result, we can confirm the signal intensity distribution around the phantom. This enables us to design stable communication network with minimal interference. 
CONCLUSION
We proposed communication using NFCC between a transceiver on the human body and a transceiver embedded in environmental equipment. Our purpose was to precisely measure the signal intensity on the human body and assess signal loss. However, as there is a serious effect on the communication path by connecting the measuring instrument directly to the receiver, we proposed and implemented a method of measurement with the probe that was electrically isolated using E/O and O/E conversion. As a result, there was a voltage difference of more than ~8.6 times in connecting the receiving electrodes to the housing of the measuring instrument.
We found that the new prove could solve the technical problem with overestimation of the received signal. We also measured signal attenuation in the vicinity of and around the human body using this probe. We achieved to assess loss of the communication path. Thus we can determine important factors of a transmission power or the sensitivity of the receiver by using the electrically isolated probe in order to produce a stable human centric communication system.
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